Saturation thickness for multiple scattering gamma rays from multiple sources has been measured experimentally and simulated using the Monte Carlo N-Particle (MCNP) Code. Experimental measurements were performed using a collimated beam of gamma-rays from 57 Co, 203 Hg, 133 Ba, 22 Na, 137 Cs, 65 Zn and 60 Co sources. The gamma rays were directed at rectangular aluminium targets of varying thickness. A NaI (Tl) scintillation detector placed at a backscattering angle of 180 • was used to detect the scattered photons. The measured and calculated saturation thickness increases with increasing energy of incident gamma-rays. Experimental and simulated values are compared and are in good agreement.
Introduction
The gamma backscattering technique is an important tool to obtain information about shielding, dosimetry and non-destructive testing. In Compton backscattering experiments, the energy and intensity of backscattered radiation vary with the angle between primary and scattered radiation.
The gamma rays backscattered from a thick absorber will show absorption and multiple scattering effects. When gamma rays are allowed to interact with thick targets, they undergo multiple scattering incidents within the dimension of the target before they escape from it. The multiple scattered photons continuously lose their energy as the number of scatterings increases in the target. These multiple scattered photons are registered in the spectrum along with single scattered events. The energy spectrum of such photons is broad and never completely separate from the single scattered distribution. Thus, an accurate measurement of the intensity and energy distribution of multiple scattered photons is required to correct the data for multiple scattering contaminations in various materials with respect to target thickness.
Hayward and Hubbell [1] have measured the intensity of backscattered radiation for 60 Co gamma rays by slabs of wood and steel wool using a NaI scintillation spectrometer. Pozdneyev [2] experimentally investigated the spectral angular distribution, number and energy albedo of backscattered gamma radiation for isotropic point sources. Sinha and Bhattacharjee [3] experimentally verified the angular distribution of backscattered photons as well as the total number albedo values for iron, aluminium and concrete in stratified combination for 662 keV and 1250 keV photons. Paramesh et al [4] measured the saturation depth of multiple scattered gamma rays by subtracting the analytically calculated contribution of single scattered gamma rays at 120
• for aluminium, iron, copper and lead. Pitkanen et al [5] measured the spectrum of 662 keV gamma rays multiple scattered from a nickel sample at a scattering angle of 104
• and simulated the experimental data by a Monte Carlo method. Singh et al [6] studied the energy dependence of saturation thickness on four different sources and reported that an increase in incident gamma photon energy increases the saturation thickness for copper targets at 90
• . Kiran et al [7] studied the energy dependence of saturation thickness on eight different sources and reported that an increase in incident gamma photon energy increases the saturation thickness for carbon and aluminium targets at 135
• . Pitkanen et al [8] studied the effect of collimator size on multiple scattering for various materials and for 60, 159, 412 and 662 keV gamma rays. Sabharwal et al [9] studied the energy dependence of saturation thickness for four different sources in aluminium targets at a scattering angle of 180
• and reported that an increase in source energy decreases the saturation thickness.
The present measurements provide saturation thickness of gamma rays of various energies from aluminium targets. We observe that the saturation thickness for multiple backscattered gamma photons increases with an increase in incident gamma photon energy. A Monte Carlo calculation performed using Monte Carlo N-Particle (MCNP) code supports the present experimental results. Figure 1 Co (0.340 MBq). The sources are of disc type with a dimension of 25 mm in diameter and 5 mm thick, with an active portion of 6 mm in diameter. The gamma ray spectrometer consists of a 76 mm × 76 mm NaI (Tl) scintillation detector. The detector crystal is covered with an aluminium window 0.8 mm thick and optically coupled to a photo-multiplier tube. In order to reduce the contribution from background radiation, the detector is shielded by a cylindrical lead shielding of length 200 mm, a thickness of 35 mm and an internal diameter of 90 mm. The distance of the target from the detector is kept at 175 mm so that the angular spread due to the detector collimator (60 mm) on the target is ±5 8
Experimental details
The entire experimental set-up was placed at a height of 340 mm on a stable platform. The platform was placed in the center of the laboratory in order to minimize scattering from the walls. The source-detector assembly is arranged in such a way that the centers of source collimator and gamma-ray detector are aligned with the center of scatterer. The experimental data were accumulated on a PC based gamma spectrometer with a fully integrated dMCA 1 . The Microsoft Windows-XP based spectroscopic application software winTMCA32 acted as a user interface for system set-up and display. All gamma ray spectral functional adjustments were completed through this application software. A software program using winTMCA32 was written for the present experimental set-up in order to evaluate parameters such as multiple scattering events and single scattering events.
Theory
Let I 0 be the intensity of gamma-ray source S, collimated by lead shielding, and having an energy of E 0 which is incident on a target of thickness 0 (Figure 2) . The energy of gamma-rays is reduced to E due to the scattering process within a target of thickness at a distance and a scattering angle of θ 1 . Hence the number of photons (E ) registered by the detector at a position D is provided by the equation
Where φ is the cross-section of the incident beam, is the number of electrons per unit volume in the medium, , where R is the radius of the collimator. It is evident from Figure 2 that θ 1 varies within the length of the target, but θ remains the same. Due to the the variation in scattering angle in the target along the direction of incident gamma-rays, photon rays scattered at different points in the target contribute to energy E which is given by: The total number of scattered photons from the target is is obtained by:
The total number of scattered photons (E) falling on the detector results in a pulse height distribution of Gaussian form Y (E). The area under the distribution can be obtained by the product of the total number of scattered photons (E), the intrinsic efficiency (E) and the photofraction for an energy E [11] . The Gaussian distribution can be expressed as
where Y 0 is a normalization constant. The area under this peak can be calculated via
The number of counts Y 0 at the position of the peak of the spectrum is used to find the number of photons Y (E) scattered at any energy E. The total number of scattered photons is obtained by integrating Y (E) at the desired energy. The resulting distribution is an analytically obtained single scatter profile as recorded by the detector. The contribution of single scattered photons is obtained by the normalization at full energy peak. By dividing the normalized peak area by the photo-fraction of the detector, we obtain the total number of single-scattered photons. The subtraction of single-scattered photons from the measured experimental composite spectrum results in multiple scattered photons only [4, 12] .
Results and discussion
The intensity of multiple-scattered photons is obtained for different thicknesses of rectangular aluminium targets of dimension 100 mm × 100 mm × 10 mm using seven different gamma-ray sources of various energies. A typical noise subtracted spectrum obtained by irradiating an aluminium sample of a thickness of 40 mm using a 22 Na source for 1000 seconds is presented in Figure 3  (plot (a) ). The spectrum displays single and multiple scattered events. Multiple scattered photons are obtained by subtracting the single scattered photons (Figure 3 plot (b) ) from the experimental noise subtracted composite spectrum ( Figure 3 plot(a) ) in the range 148 to 193 keV. This procedure to obtain multiple-scattered photons is used for all trials. The intensity of multiple-scattered photons increases for increasing target thickness and becomes almost a constant after a certain thickness. The thickness of the sample above which the multiple-scattering intensity remains almost constant is termed the saturation thickness [13] . Due to the increase in target thickness, the number of photons undergoing multiple-scattering increases. However, after a certain thickness, the probability of absorption within the sample retards multiple-scattering. Hence there exists an equilibrium of multiple scattering and absorption within the target, thereby saturating the intensity of photons leaving the target. The saturation thicknesses of gamma rays for 123, 279, 360, 511, 662, 1115 and 1250 keV energies are presented in Table 1 (Figures 5  -11 ). This experiment confirms that, for an increase in incident energy of gamma photons, there is an increase in saturation thickness (Figure 12) . The results obtained for saturation thickness for different energies are compared with the results of Sabharwal et al [9] and plotted in Figure 13 . The mean free-path of photons for a particular energy in aluminium is provided in Column 5 of Table 1 . Saturation thickness (Column 6 of Table 1 ) is found to be more than one mean free-path as observed by Singh et al [14] . The experimental set-up has been simulated using the Monte Carlo code MCNP and the results are compared with the experimental results. The MCNP4A [15] radiation transport code was applied to perform the calculations in this work and it is a general purpose, 3D general geometry, time-dependent code, which is used to calculate coupled neutron-photon-electron transport in bulk samples. As many as 1,500,000 events were run in order to produce reliable confidence intervals. A pictorial representation of the MCNP simulation of the experimental set-up is shown in Figure 4 . The F1 tally is used to estimate the number of photons crossing the front surface of the detector. The re- sults of the simulation are normalized per starting source photon. New source photons are randomly created until a pre-set number of events are tracked and the simulation is completed. MCNP provides a nearly predictive capability of how radiation interacts with matter. The simulated data is displayed in Figures 5-11 . The dashed curves are best-fitt curves to the simulated data (hollow symbols). The size of the data points in the graphs represents the statistical error. The simulated data of multiple-scattered photons increases with increasing target thickness and attains saturation (Figures 5-11 ). This behaviour supports the experimental data. In the Monte Carlo code MCNP, scalar approximation is employed to explain the photon interactions with matter, wherein it is assumed that the average polarization state of the photons is not modified during the photon's interactions in matter. Here, the photon's interaction is similar to a neutral particle. Therefore, due to the exclusion of the polarization effect of scattered photons, there are discrepancies at lower thicknesses in some cases.
Conclusion
The results presented in this paper confirm that the number of multiple-scattered events, having energy equal to single-scattered events, saturates with increasing sample thickness. The experimentally measured saturation thicknesses increase with increasing incident photon energy. This behaviour agrees with the work of Singh et al [6] and Kiran et al [7] but disagrees with the work of Sabharwal et al [9] .
The results obtained in this work are as expected. The larger the incident energy, the larger the energy of the backscattered photons. Hence, the penetration of high energy backscattered radiation outweighs the absorption of gamma rays travelling in thick targets in backward direction though increasing penetration of incident gamma photons in matter with increasing energy. The experimentally obtained saturation thicknesses are in good agreement with simulated data using MCNP code.
